Controlled generation of difluorocarbene was effected by an NHC catalyst under mild conditions starting from trimethylsilyl 2,2-difluoro-2-fluorosulfonylacetate (TFDA). Cyclohexenones and tetralones were treated with TFDA in the presence of catalytic amounts of N,N'-dimesitylimidazolium chloride and sodium carbonate. The ketones were difluoromethylated with the generated difluorocarbene to afford enol difluoromethyl ethers without difluorocyclopropanation. The ethers thus obtained were dehydrogenated with DDQ to furnish aryl difluoromethyl ethers in high yield. Under similar conditions, secondary amides underwent difluoromethylation selectively on the oxygen atom to give difluoromethyl imidates, which allows the formation of 2-difluoromethoxypyridines.
Introduction
Difluorocarbene is a synthetically useful species for the introduction of a difluoromethylene group into organic molecules [1] . Since CF 2 -containig compounds play crucial roles as pharmaceuticals, agrochemicals, and functional materials [1a,2] , advancement in the generation and the utilization of difluorocarbene is desired in contemporary organic synthesis.
To date, three types of methods have been developed for the generation of difluorocarbene (Scheme 1). Pyrolysis has been studied in detail for decades and adopted to generate difluorocarbene (Scheme 1a). Sodium chlorodifluoroacetate (CClF 2 CO 2 Na), which requires a high temperature (typically >120 °C), acts as a representative reagent for this purpose [3] [4] [5] . Hexafluoropropyrene oxide (HFPO, >150 °C) [6] and hexafluorocyclopropane (160-170 °C) [7] also work as thermal precursors to difluorocarbene [8, 9] .
The α-Elimination of HCl and its analogous reactions are convenient alternatives for the above-mentioned pyrolysis (Scheme 1b). Chlorodifluoromethane is the reagent of choice to release difluorocarbene at relatively low temperatures, although strongly basic conditions are required [10] . Recently, α-eliminations triggered by nucleophilic substitutions on carbonyl group [11] and sulfonyl group [12] are reported [13] .
Decomposition of trifluoromethylmetal reagents provides another route to difluorocarbene (Scheme 1c). Phenyl(trifluoromethyl)mercury [14, 15] and trimethyl(trifluoromethyl)stannane [16] in combination with sodium iodide are reported to release difluorocarbene. However, using a stoichiometric amount of toxic reagents should be avoided in large-scale preparations.
Scheme 1.
Conventional methods for difluorocarbene generation.
As described above, the reported methods for generating difluorocarbene have following drawbacks: (i) high reaction temperatures, (ii) strongly basic conditions, (iii) use of hazardous reagents, and in general, (iv) high loading of reagents. These drawbacks need to be overcome [17] .
Trimethylsilyl 2,2-difluoro-2-(fluorosulfonyl)acetate (TFDA) is a practically useful reagent developed by Dolbier to generate difluorocarbene under mild conditions in a catalytic manner [18] . This reagent releases difluorocarbene in the presence of a fluoride ion (F -, 1-2 mol%), which is presumed to attack the Si atom of TFDA to promote decomposition (Scheme 2). The generated difluorocarbene is employed in difluorocyclopropanation of alkenes [18, 19] , alkynes [20] , and allenes [21, 22] .
Scheme 2. Generation of difluorocarbene by the TFDA/F -system.
Although useful, the rapid generation of difluorocarbene from TFDA may cause an overreaction. When alkyl ketones were treated by the TFDA/F -system, the formed enol difluoromethyl ethers underwent further difluorocyclopropanation with the second molecule of difluorocarbene [23] .
To control the reaction, we focused on N-heterocyclic carbene (NHC) as an activator of TFDA. NHC is a stable and nucleophilic carbene [24] , and acts as an organocatalyst in various synthetic reactions [25] . Note that various NHC-catalyzed cyanosilylation [26] , aldol condensations [27] , azidations [28] , and trifluoromethylations [29] with Si-containing reagents have been reported [30] . Because the reactivity of NHC can be tuned by altering the central heterocyclic core and the substituents on nitrogen, NHC is a promising candidate for the activation of TFDA to regulate the generation of difluorocarbene. Based on the considerations described above, NHC-catalyzed generation of difluorocarbene from TFDA were examined and applied to difluoromethylation of oxygen nucleophiles. The details of our investigations are described below.
Results and discussion

Reaction conditions
Indan-1-one 1a was selected as a model substrate for O-difluoromethylation and treated with TFDA (2 equiv) in the presence of 1 to 10 mol% of activators for TFDA. The yields of the produced enol ether 2a and the undesired overreaction product difluorocyclopropane 3 were determined by 19 F NMR spectroscopy. The results of our examination on the activators are summarized in Table 1 . Fluoride ion, the activator originally adopted by Dolbier at 105-120 °C [18b], gave only a 14% yield of 2a at 80 °C (Entry 1). Other reagents such as DABCO and amine N-oxides, which can activate Si-containing reagents [31] , were found to be ineffective (Entries 2 and 3).
The difluorocarbene generation proceeded smoothly by using an NHC catalyst. 1,3-Dimesitylimidazolylidene (IMes), generated in situ from 1,3-dimesitylimidazolium chloride (IMes·HCl, 1 and 2 mol%) and sodium carbonate (10 and 20 mol%), gave 2a in 70% and 74% yield, respectively (Entries 5 and 6). In these cases, only a trace amount of 3 was observed. Note that the enol ether 2a was stable enough upon standard silica gel chromatography and was isolated in reasonable yield (Entry 6). Reducing the loadings of TFDA from 2 to 1.2 equiv resulted in a diminished yield of 2a (61%, Entry 7). IMes·HCl alone did not work well (4% of 2a, Entry 8), which shows the effect of NHC.
It must be mentioned that isolated IMes gave a decreased yield of 2a (52%) along with a 17% yield of 3 (Entry 9). The rapid generation of difluorocarbene leads to undesired difluorocyclopropanation, even with the NHC catalyst. The use of imidazolinium salt SIMes·HCl, triazolium salt 4·HBr, and thiazolium salt 5·HI also resulted in the formation of considerable amounts of difluorocyclopropane 3, making the reaction less selective (Entries 10-12). The use of sodium carbonate with a ratio of 10:1 to IMes·HCl was found to be suitable to achieve a high yield of 2a (Table 2) . When the loading of sodium carbonate was reduced to 2 mol% (Na 2 CO 3 :IMes·HCl=1:1), the yield of 2a decreased to 54% (Entry 1). On the other hand, the 100 mol% loading of sodium carbonate (Na 2 CO 3 :IMes·HCl=50:1) also reduced the yield of 2a, and the undesired 3 was obtained in 32% yield (Entry 3). The use of larger amounts of sodium carbonate also resulted in rapid formation of difluorocarbene, leading to the undesired difluorocyclopropanation reaction of 2a.
Potassium carbonate, potassium tert-butoxide, and DBU in place of sodium carbonate gave inferior results (Entries 4-6). Effects of temperature and solvent were examined (Table 3 ). The reaction of indan-1-one 1a at 70 °C gave 2a in 39% yield (Entry 1). The yield of 2a was improved up to 70% at 80 °C (Entry 2), whereas elevating the temperature to 90 °C showed no further improvement (Entry 3). Thus, NHC is an efficient catalyst that acts at 80 °C. 1,4-Dioxane and 1,1,2,2-tetrachloroethane were not suitable solvents (Entries 4 and 5). NHC was conclusively found to be a suitable catalyst that can control the rate of difluorocarbene generation from TFDA. By optimizing the NHC catalyst and reaction conditions, indan-1-one 1a was successfully transformed into the corresponding enol difluoromethyl ether 2a in a selective manner.
Mechanism of enol difluoromethyl ether formation
Scheme 3 shows the proposed mechanism for the generation of difluorocarbene and the formation of enol difluoromethyl ethers. IMes, generated from IMes·HCl and sodium carbonate in situ, attacks the Si atom of TFDA. Decomposition of TFDA provides the key difluorocarbene, accompanied by formation of CO 2 , SO 2 , and fluoride ion. The formed silylimidazolium salt A undergoes desilylation with the released fluoride ion to regenerate free IMes. The generated difluorocarbene reacts with 1a to afford 2a, presumably via oxycarbenium intermediates [23b].
During the above experiments, tetrafluoroethylene was observed in the 19 F NMR spectra of the crude mixtures (4 ppm vs. C 6 F 6 ) [32] . This suggests that difluorocarbene was actually formed in the reaction medium.
Scheme 3. Proposed mechanism for :CF 2 generation and CHF 2 ether formation.
2.3. Synthesis of aryl difluoromethyl ethers 2.3.1. Background and strategy
Aryl difluoromethyl ether units are often found in structures of pharmaceuticals, agrochemicals, and their candidates. For example, pantoprazole is a proton pump inhibitor and is used for a short-term treatment of erosion and ulceration of esophagus [33] . Zardaverine is a phosphodiesterase III/IV inhibitor and attracts much attention as a potential therapeutic agent for asthma [34] . Brofluthrinate [35] is an insecticide that acts as a sodium channel modulator [36] . To date, aryl difluoromethyl ethers have been synthesized by an electrophilic difluoromethylation of phenols with difluorocarbene [37] . For instance, phenoxides are difluoromethylenated with difluorocarbene, generated by α-elimination of chlorodifluoromethane, to give aryl difluoromethyl ethers after protonation: however, the preparation of the starting phenols is required [10a-c,38,39] .
We envisaged developing a new synthetic method for aryl difluoromethyl ethers with substituents by utilizing the above-mentioned selective formation of enol difluoromethyl ethers (Scheme 4): six-membered ketones (cyclohexanone and tetralone derivatives) would be transformed into the corresponding enol difluoromethyl ethers with difluorocarbene, generated by the NHC catalyst. The formed enol difluoromethyl ethers might be readily dehydrogenated to construct a benzene ring, thus targeting aryl difluoromethyl ethers [40] . Commercial and synthetic availability of the cyclohexanone derivatives makes this a practical approach for the synthesis of substituted aryl difluoromethyl ethers. Scheme 4. Synthetic strategy for substituted aryl difluoromethyl ethers.
One-pot synthesis of aryl difluoromethyl ethers
Various aryl difluoromethyl ethers were successfully synthesized from cyclohexenones and tetralones via the expected difluoromethylation-dehydrogenation sequence (Table 4) . First, 3-phenylcylclohexenone 1b was transformed into the corresponding enol difluoromethyl ether 2b (not shown) by the TFDA/NHC system (Entry 1). The resulting mixture was treated with DDQ (2 equiv) under reflux. Standard chromatographic separation of the products gave biphenyl-3-yl difluoromethyl ether 6b in 78% yield.
This method was successfully applied to tetralone derivatives, which produced difluoromethyl naphthyl ethers. Not only did parent 1c give 1-naphthyl ethers 6c in 81% yield, but also bromo-and chlorotetralones 1d and 1e afforded the halogenated naphthyl ethers 6d and 6e in 75% and 77% yield, respectively (Entries 2-4). Electron-rich tetralones appeared to be suitable for this reaction: Methyl-and methoxy-substituted tetralones 1f-h afforded the corresponding naphthyl ethers 6f-h in 79-91% yield (Entries 5-7). The reaction of β-tetralone 1i allowed the formation of the corresponding 2-naphthyl ether 6i in 90% yield (Entry 8). A similar treatment of cyclohexanone 1j also provided the corresponding biphenyl-4-yl difluoromethyl ether 6j (Entry 9). Note that the TFDA/NHC system can be applied to the synthesis of other enol difluoromethyl ethers (Scheme 5). Flavanone 1k was transformed into the corresponding difluoromethoxychromene 2k in 50% yield. In addition, acetophenone 1l afforded the corresponding enol ether 2l in 57% yield in the presence of 3 mol% of SIMes·HCl catayst. It has been reported that the treatment of 1l by the TFDA/F -system gives difluorocyclopropanated difluoromethyl ether in 27% yield at 120 °C [23a] . NHC was again found to be an efficient and selective catalyst for the synthesis of enol difluoromethyl ethers. As described above, NHC-catalyzed, controlled generation of difluorocarbene from TFDA has realized a ketone-based one-pot synthesis of aryl difluoromethyl ethers.
Scheme 5. Synthesis of cyclic and acyclic enol difluoromethyl ethers ( 19 F NMR yield).
Synthesis of difluoromethyl imidates
Background and strategy
Difluoromethyl imidate is contained in the structure of 2-difluoromethoxypyridine, which is a motif frequently found in pharmaceuticals and bioactive molecules (Figure 2 ) [41, 42] . Difluoromethyl imidates have been synthesized by electrophilic O-difluoromethylation of secondary amides with difluorocarbene (Scheme 6). However, these difluoromethylations led to only a partial success, which was due to affording a regioisomeric mixture of O-and N-difluoromethylated products [43] . The poor selectivity is presumably because the basic conditions, required for the generation of difluorocarbene, cause deprotonation of the amides. The resulting ambident anion B allows formation of not only O-but also N-difluoromethylation products. In general, (nondeprotonated) amides undergo alkylations on the oxygen atom because the oxygen center is more nucleophilic than the nitrogen center because of resonance (Scheme 7, C). Having the NHC-catalyzed generation of difluorocarbene under nearly neutral conditions in hand, we expected O-selective difluoromethylation of amides to synthesize difluoromethyl imidates [44] .
Scheme 7. Strategy for selective synthesis of difluoromethyl imidates.
Selective synthesis of difluoromethyl imidates
We optimized NHC precursors for difluoromethylation of secondary amides (Scheme 8). It was revealed that IMes·HCl was lacking in reproducibility and that triazolium salt 4·HBr was a suitable catalyst for this purpose [45] . Note that the formation of the undesired tertiary amide 9 was not observed over all the NHC precursors examined as a catalyst. Various difluoromethyl imidates were efficiently synthesized by the triazolium salt-based system (Table 5) . Not only benzoic acid-derived amides but also aliphatic acid-derived amides afforded the corresponding imidates in high yield (Entries 1-4): namely, amides 7a-d gave 8a-d in 66-81% yield. Electron-donating and -withdrawing group on the N-aryl groups did not affect the reaction (Entries 5-8) . Although some amount of the imidates decomposed during purification by column chromatography, 19 F NMR analysis suggested that substituted anilides 7e-h gave 8e-h in 69-83% yield. It must be emphasized that the undesired N-difluoromethylated products were not observed by the 19 F NMR analysis of the crude mixtures. This method was successfully applied to the synthesis of 2-difluoromethoxypyridines (Scheme 9). When pyridone 7i was subjected to the TFDA/NHC system, the desired 8i was obtained in 60% yield, albeit accompanied by a 9% yield of N-difluoromethylated product. The sequential difluoromethylation-dehydrogenation process is also effective for six-membered lactams: 2-difluoromethoxyquinoline 9 was synthesized from dihydroquionolinone 7j in 92% yield in a one-pot operation.
Scheme 9. Synthesis of 2-difluoromethoxypyridines.
Conclusion
We have developed a versatile method for the controlled generation of difluorocarbene from TFDA under mild conditions by using NHC catalyst. Cyclohexenones and tetralones were transformed into enol difluoromethyl ethers without difluorocyclopropanation. The enol ethers obtained were dehydrogenated with DDQ to provide substituted aryl difluoromethyl ethers. Moreover, secondary amides were similarly transformed into difluoromethyl imidates via O-selective difluoromethylation, which allows the formation of 2-difluoromethoxypyridines.
Experimental
General information
IR spectra were recorded on Horiba FT-300S spectrometer. NMR spectra were recorded on Bruker Avance 500, Bruker AV600, or Bruker AV400 spectrometers in CDCl 3 , at 500, 600, or 77.0), and C 6 F 6 (for 19 F NMR: δ = 0.0) [32] . Mass spectra were taken with JMS-T100GCV spectrometer.
Elemental analyses were performed with a YANAKO MT-6 CHN Corder apparatus. TFDA was prepared according to the procedure described by Dolbier [18b] . IMes·HCl and SIMes·HCl were prepared according to the literature [46] . IMes, 4·HBr, 5·HI were purchased and used without further purification. All the reactions were conducted under argon. Column chromatography and preparative thin-layer chromatography (PTLC) were performed on silica gel. 6, 143.3, 139.9, 130.1, 128.9, 127.9, 127.1, 124.2, 118.3, 118.1, 116.0 To a toluene solution (1.5 mL) of 4·HBr (3.4 mg, 0.0098 mmol), sodium carbonate (4.2 mg, 0.040 mmol), and N-phenylcyclohexanecarboxamide 7d (39 mg, 0.19 mmol) was added TFDA (75 µL, 0.38 mmol) at room temperature. The reaction mixture was stirred and heated at 80 °C for 20 min. After cooling the resulting mixture to room temperature, aquaus NaOH was added to quench the reaction. Extraction with dichloromethane and purification by column chromatography (SiO 2 , hexane:AcOEt=50:1, 0 °C) gave 8d (39 mg, 81% yield).
4.3.2. Spectra data of difluoromethyl imidates 
